INTRODUCTION
The initial weld pool solidification in aluminum 1 and iron base 2 alloys occurs by epitaxial grain growth at the fusion and heataffected zone interface. The incompletely melted solid grains at the liquid-solid interface provide an ideal substrate on which continued growth can take place with a minimal amount of supercooling. In single pass welds of these alloys, the grain structure consists of initial epitaxial grains extending from the FZ/HAZ interface, followed by equiaxed grains. In multiple pass welds the same grain structure repeats from bead to bead. However, in Ti-6A1-4V alloy welds, epitaxial grains grow across the total width of the fusion zone and then continue to grow across the fusion lines during subsequent weld passes without nucleating new grains, resulting in extremely long columnar grains as shown in Figure 1 . The grain boundaries so formed could provide a continuous crack path. Naturally one of the objectives in multiple pass titanium welds would be to prevent epitaxial growth and break up the coarse columnar fusion zone grain structure in the fusion zone.
There are many methods to refine the fusion zone grain structure in- Yeniscavich have reviewed minor element effects on the welding arc and weld penetration and it appears that these elements can also affect the solidification kinetics in the weld pool by influencing supercoolIng, surface tension, and fluid motion.
The work of Rath et al. 9 indicated that small amounts of yttrium and erbium significantly retard the solid state recrystallization and grain 10 growth kinetics in titanium alloys. Simpson demonstrated the effectiveness of yttrium on the fusion zone grain refinement in Ti-6A1-6V-2Sn welds; however, his work did not involve solidification kinetics or supercooling studies.
Preliminary work performed at Denver Aerospace and the Colorado School
11
of Mines has established that small amounts of yttrium, when added to the Ti-6A1-4V fusion zone, refines the grain structure and increases the weld penetration.
The objectives of this work were to (1) quantity the influence of yt-* trium microalloying on the fusion zone grain refinement; and (2) develop a nucleation and growth model to predict weld pool solidification microstructure, with and without microalloy additions.
EXPERIMENTAL PROCEDURE
Weld Preparation -All the welds were prepared by the Gas Tungsten Arc (GTA) process using the following process parameters:
1) Shield gas -helium:
a. Torch -50 cubic feet per hour (CFH),
c. Backup -10 CFH;
2) Travel speed -5 ipm (2.1 ,-,Is).
Travel speed was kept constant for all the welds. Heat input and yttrium concentrations were studied as process variables and are listed in Table 1 along with the specimen thickness. -0. 
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The test specimens consisted of approximately 6.0 in. long x 3.0 in.
wide Ti-6A1-4V plates in three different thicknesses of 0.875 in., 0.500 in. and 0.160 in. A 30* V-groove, as shown in Figure 2 , was used for all 0.500 and 0.825 in. thick plates while 0.160 in. thick plates were "bead-on-plate" welds. To completely fill the V-groove in thicker specimens, a bead overlap technique, as illustrated in Figure 3 , was used.
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Base Plae (Fig. 18 ) and other dendritic, as shown in Figure   19 . In many instances both types overlap or are in close proximities.
Figure 15 Transmission Electron Micro graph of the Base Metal Showing Equiaxed Primary a~ and Accicular a~ in the Trans formed 8 Matrix
Figure . 16 For a specific metal system, equation (1) can be rewritten as:
Transmiss ion Electron Micro graph of Y-Modified Fusion Zone Showing Alternate Layers of a (Light) Separated By Thin Strips of a-Phase
The growth rate, R, is expressed as;
where K and n are constants.
The value of n is normally between 1 and 2; however, in this analysis, n is taken as 1, since the value of n does not affect the concept presented here. Similarly, AT for nucleation and AT for growth will be slightly different for each other however, they are directly related and can be equated through a constant.
The above relationships can be applied to weld pool solidification by introducing the concept of two competing times:
1) t n-time to nucleate one grain;
2) tg time for one grain to grow across the bead.
During the solidification of any given weld pass, if tn > tg, then the grain will grow completely across the bead before any other grain is nucleated. This situation is evident in the microstructure seen in Expressions for t and t can be obtained from equations (2) and n g (3). Differentiating equation (2) Similarly, to calculate tg, let us assume that the bead depth is X as shown in Figure 25 , then
[5] t -
[) g kAT
Equations 4 and 5 provide the relationship between tg, t n , and AT, which can be graphically represented in Figure 26 .
Whether the weld pool solidification is growth controlled or nucleation zone. This reduction in ATc and the shift in the nucleation curve can be fundamentally interpreted as a change in the liquid-solid interfacial energy, a, or contact angle, f(e), due to the presence of yttrium, either in solution or as a yttrium-bearing particle. This concept will explain the observation that initial epitaxial growth is followed by equiaxed grains in Ti-6A1-4V welds fabricated with yttrium-bearing wire.
Experimental Verification of the Basic Model
The critical question concerns the mechanism responsible for the observed grain refinement caused by yttrium additions. Does yttrium act as a nucleating agent by providing more sites for heterogeneous nucleation, or does it retard the grain growth kinetics? It is entirely possible that yttrium affects surface tension and the fluid motion of the weld pool to refine the structure by the grain multiplication technique similar to that observed in castings. As a matter of fact, the weld pool fluid flow was observed to be more turbulent in the presence of yttrium. In this study, however, efforts were directed towards understanding of nucleation and growth kinetics and not towards surface tension driven fluid flow.
To verify the basic model, growth velocity and nucleation time were determined experimentally as described below. The nucleation time for 0.1 wt% yttrium addition was calculated and is presented in Table 9 . The time to nucleate the first grain in the weld pool was found to decrease by more than an order of magnitude, from 13.9 a to 0.48 a.
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Figure 28 Yttrium does not interfere with the epitaxial growth at the FZ/HAZ interface. Refinement is observed away from this interface, indicating some time-dependent process is the responsible mechanism.
Grain refinement in the weld pool by microalloying can be explained by introducing two competing time concepts to the classical nucleation and growth theories developed for casting solidification.
Both nucleation time and the solidification front motion in the weld pool can be very simply determined by microstructural observation of grain orientation and the dimension of the epitaxially grown grain.
Yttrium increases the rate of solidification front movement which should favor the long columnar grains. Concurrently, however, it also decreases the time to nucleate the first grain which is a predominant factor responsible for the observed fusion zone grain refinement.
Two different Y particle morphologies were observed: (1) platelike; and (2) dendritic. It is not clear that either one or both of these particles provide grain refinement.
